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INTRODUCTION
Mammalian embryogenesis takes place in environments that are physiologically hypoxic. Not only the preimplantation phase (fertilisation, cleavage, compaction, blastocystogenesis, and hatching), but also histogenesis and organogenesis unfolds again under physiological hypoxia (Huppertz et al., 2009) . Consequently, oxygen availability is an important factor in determining the rate of embryogenesis. The placenta provides oxygen and nutrients to the growing embryo/foetus. As the primary interface between mother and embryo/foetus, the placenta serves for four main functions, including anchoring of the conceptus to the uterus, transport of nutrients, oxygen and waste products, hormone secretion, and immunological protection of the genetically foreign embryo/foetus. One of the most remarkable processes associated with the establishment of pregnancy is the process of decidualisation (Lima et al., 2014) . This transformation of a stromal fibroblast to a fully differentiated decidual cell is required for controlled trophoblast invasion, protection of conceptus from maternal immune rejection, and placental separation. The decidua is also a rich source of detoxificating enzymes. Many placental functional changes occur that accommodate the increasing metabolic demands of the developing foetus throughout gestation. Extravillous trophoblast cells migrate into the decidua and remodel uterine arteries (Chen et al., 2012) . This facilitates blood flow to the placenta via dilated, compliant vessels, unresponsive to maternal vasomotor control. A role of NK cells in vessel remodelling is also beginning to be elucidated (Fraser et al., 2015) . The skin's outermost layer (epidermis), composed of keratinised stratified squamous epithelium, derives from embryonic surface ectoderm. It is avascular, receiving oxygen and nutrients from vessels in the underlying dermis. Therefore, the development of the epidermis depends on dermal angiogenesis. The dermis is a highly vascularised structure, and contains a superficial and deep plexus of arterioles and venules (Gunin et al., 2014) . The formation of the vascular network supplying the skin occurs in early embryonic life, but further development of the vascular plexuses is not well studied (Martin et al., 2014) .
The cardiovascular system is extensively remodelled throughout embryogenesis and the hematopoietic system also undergoes dramatic changes, especially with regard to erythropoiesis (Baron et al., 2012) . Although the association between dermal vasculogenesis and the development of epidermal derivatives has been established, there are only a few studies concerning relationship between the abovementioned events, remodelling of placental blood vessels, and hematopoietic ontogeny (Coolen et al., 2010; Stanek, 2013) . Therefore, in this study we attempt to find associations that are related to the chronology of integumentary system development, maturity changes in the placenta, and changes in embryo/foetus erythropoiesis.
MATERIALS AND METHODS
We examined six embryos and ten foetuses at the age of 5 to 24 developmental weeks and placental tissue from the embryological collection of the Department of Anatomy and Histology, University of Latvia, Rîga, Latvia. Gestational age was estimated from the crown rump length of the embryo/foetus. Taking into account variations in the structure of skin on different anatomic sites and different growth rate of the skin derivatives, we investigated regional peculiarities of dermal vascularity. For this purpose, samples of an archival collection of skin of the upper limb bud, lower jaw, finger palmar surface, dorsal and lateral surface of the trunk, the forearm of the embryo/foetus, and of the nail were stained with haematoxylin-eosin, Masson's Trichrome and immunostained with antibodies against S-100 protein, smooth muscle actin (SMA), CD31, and CD34. Firsttrimester human placental tissue of 6-12 weeks gestational age was obtained from ten individuals after elective termination of uncomplicated pregnancies.
Second-trimester human placental tissue of 15-19 weeks gestational age was obtained from five patients with spontaneous pregnancy loss. Likewise, six samples of full term placentas (37-40 weeks) of uncomplicated pregnancies and normal deliveries were entered in this study. Full thickness blocks were taken from the centre of the placenta. Placental tissue was sectioned, subsequently stained with haematoxylin-eosin and immunostained with antibodies against pan-cytokeratin AE1/AE3 (PCKT), cytokeratin 7 (CKRT7), CD 31, CD 34, CD 56 and human chorionic gonadotropin (hCG) to allow identification of cytotrophoblast, syncytiotrophoblast, and extravillous trophoblast (PCKT), extravillous trophoblast (CKRT7), NK cells (CD56), human chorionic gonadotropin (hCG), blood vessels (CD34), and blood vessels and macrophages (CD31) (McKenney et al, 2001 Due to the ethical and legal restraints on studies of human embryo we received a limited number of embryos at different developmental stages, and therefore the statistical analysis was not performed as in some current studies (Weiss et al., 2016) . The proposal for this investigation was approved by the Ethics Committee, Institute of Cardiology and Regenerative Medicine, Rîga, Latvia.
RESULTS
Changes in placental morphology. In the earliest specimen available (six weeks after conception) the surface of the placental villi was composed of an outer syncytiotrophoblast and complete inner layer of cytotrophoblast. Most villi contained loose mesenchyme together with centrally located blood capillaries. Our studies revealed that Hofbauer cells in the matrix have somewhat rare occurrence. At the distal tips of the villi the cytotrophoblast grows out and continues into cell columns. The intermediate (extravillous) trophoblast migrates from the trophoblastic columns and invades decidual tissue.
The present work showed that near the end of the 6 th week, the syncytiotrophoblastic cover of the basal plate becomes locally replaced by Rohr's fibrinoid. Underneath the fibrinoid several layers of fully differentiated decidual cells are located. Within this layer of the decidua the straight portions of uterine glands and dilated blood vessels were also apparent. By the 12 th week, only occasional fragments of the endometrial glands were seen. From six weeks of gestation onwards, vascular endothelial and smooth muscle cells were lost from the spiral arteries and were replaced by extravillous trophoblast cells and fibrinoid. The lumen of the remodelled vessel was dilated. The endothelium temporarily disappeared, although it was restored by the 37 th week of pregnancy ( Fig. 1A ). In our collection early vascular alterations in myometrial arteries, such as endothelial vacuolation and some swelling in smooth muscle cells, were also observed. In the 7 th week of gestation, the trophoblastic plugs in the spiral arteries obstructed maternal blood flow into the intervillous space and prevented flow until the end of first trimester of pregnancy. Simultaneously, uterine glands were invaded and opened by endoglandular extravillous trophoblast towards the intervillous space of the placenta. It must be pointed out that the partial replacement of glandular epithelial cells by endoglandular trophoblast also occurred (Fig. 1B) . During decidualisation, the endometrial stroma increased in quantity. It contained a substantial population of NK cells. These cells were identified based on cell and nucleus size, nuclear/cytoplasm ratio, and expression of CD56. NK cells were frequently seen together with the migrating extravillous trophoblast and also in close proximity to endothelium of decidual vessels (Fig. 2) . Areas of dense NK cell infiltration contained venules with plump endothelium, which resembled the endothelium of the high endothelial venules (HEV) (Fig. 3A) .
By the 9 th week of gestation, the nearly uniform large villi achieved the reticular stroma and centrally placed blood vessels lacking media of typical immature intermediate villi could be recognised. During the second trimester, more richly vascularised and slender mature intermediate villi developed (Fig. 3B) . The blood capillaries established contact with villous trophoblast, and the syncytiotrophoblastic layer became gradually thinner. It is important to note that at the beginning of the mid trimester of pregnancy, some mature intermediate villi exhibited the first signs of early terminal villi formation. In such localised areas some cytotrophoblast cells disappeared and foetal capillaries came into close contact with the syncytiotrophoblast. Villous cytotrophoblast cells were easily identified in the second trimester, but in the third trimester they were not seen in abundance. It was shown that Hofbauer cells increased in number from the first to second semester. Placental villous maturation was maximal in the third trimester, with an abundance of terminal villi in the term placenta. This type of villi had fused foetal capillaries with syncytiotrophoblast (vasculosyncytial membranes) and syncytial knots.
Skin maturation and development of dermal vasculature. By the 5 th week, embryonic skin consisted of a single layer of ectodermal cells and a relatively thick mostly avascular dermal mesenchyme in most regions of the embryo. At the end of the 6 th week, embryonic skin was already covered by a two-layered (basal layer and periderm) epidermis. The blood vessels in the dermis originated as capillaries, which sprouted from the existing small vessels in the presumptive hypoderm. These vessels in turn grew out from the vascular plexuses, which supply with blood the developing subcutaneous organs, such as muscles or spinal cord. Initially the density of the dermal capillary network of the skin of the lateral surface of the trunk was very low. Simultaneously, the presumptive dermis overlying spinal cord contained no blood vessels. (Fig. 4A) . The first identifiable primordial hair follicles appeared at about nine weeks in areas that will eventually become the eyebrows, upper lip and chin. It should be pointed out that growing hair follicles were surrounded by blood vessels that arose from the deep vascular plexus, but interfollicular areas remained significantly less vascularised (Fig. 4B ).
Until the 6 th and 7 th weeks of gestation, all embryonic erythrocytes were nucleated and located in a poorly developed dermal vascular framework. Mesenchymal cells differentiated into fibroblasts, producing delicate collagen bundles by the 12 th week of gestation. As gestational age advanced, mature collagen bundles appeared, and definite papillary and reticular dermis became recognisable in the 15 th -16 th week. It is important to emphasise that by the end of the 16 th week, the major vascular organisation of the foetal dermis was established and dermal arterioles and venules could be distinguished. Ascending arterioles and descending venules were paired as they connected the superficial and deep plexuses (Fig. 5A) . Postcapillary (pericytic) venules became the predominant type of vessels in the upper part of the dermis (Fig. 5B) . Red blood cells (RBC) moving through these blood vessels were mostly enucleated. By the 11 th week, the epidermis was a smooth thin layer of epithelial tissue made up of three layers: the basal layer, the intermediate layer, and the periderm. At this stage the development of the primary epidermal ridges (PER) began. PER proliferated rapidly and projected into the dermis. Merkel cells that were globular in shape were seen in the finger palmar PER around the 16 th week. In about the 13 th -14 th week, eccrine sweat gland anlagen appeared along the apices of PER on the palms. S-100 positive myoepithelial cells and clear cells in the secretory portion of eccrine sweat glands were detected by the 22 nd week (Fig. 6A) . Concomitant with the development of hair follicles nail development began. As the development proceeded, the nail field becomes keratinised at 13 weeks and formed a so-called false nail. It was shown that by this time, dermal nerve bundle arborisation occurred in parallel with microvascular sprouting in the skin of fingertips (Fig. 6B) . Our histological study showed that at the 5 th month gestation epidermis increased to five layers and was ready for keratinisation, which began after 20 weeks. By the 24 th week of gestation, cornified cells were present on almost all regions of the foetal skin.
DISCUSSION
During early pregnancy, placentation occurs in a relatively hypoxic environment, which is essential for appropriate embryonic development. Regional differences of cutaneous vascularity were detected in the presumptive dermis. Thus, the earliest specimens (5 th week) showed a very small number of blood capillaries in the presumptive dermis in all of the skin regions examined, except for the skin overlying the spinal cord. In this case, the presumptive dermis contains no blood vessels and nutritional needs of skin are probably met initially through the blood vessels of the presumptive leptomeninx. Endovascular trophoblast invades decidual spiral arteries and forms trophoblastic plugs. Our results are in agreement with those reported (Weiss et al., 2016) in that trophoblastic plugs obstruct maternal blood flow into the intervillous space and prevent flow until the end of first trimester of pregnancy (10-12 weeks). The plugs then loosen and permit continuous maternal blood flow into the intervillous space. It is likely that relative hypoxia exerts a critical role during early embryogenesis through prevention of oxidative stress (Burton et al., 1999) . Oxidative stress can cause cellular damage, which can lead to cell death during histo-and organogenesis. Likewise, it is known that hypoxia promotes endothelial cell differentiation (PradoLopez et al., 2010) . As pregnancy advances, to increase the delivery of blood to the intervillous space, extravillous trophoblast cells extend to both the decidual segment and one-third of the myometrial segment of the spiral artery, converting the arteries into wide-calibre vessels and increas- ing the delivery of blood to the intervillous space. The invading trophoblasts destroy arterial smooth muscle cells, replacing them with fibrinoid. Fibrinoid has been hypothesised to act as a sponge that absorbs potentially harmful maternal antibodies (Benirschke et al., 2012) . There is at least one more attractive hypothesis, which proposes that mechanically supportive effects can be attributed to the various types of extravillous fibrinoid (Kretschmann, 1967) .
Sufficient supply of oxygen and nutrients is essential for growth and for developing tissues and organs. Hence, development of the circulatory system is one of the main events during embryonic development. Intervillous blood flow increases at around 10-12 weeks of gestation and results in exposure of the placental barrier to increased oxygen tension (Jauniaux et al., 2003) . It is worthwhile to note that during the first trimester, due to reduced uteroplacental blood flow, uterine glands provide histiotrophic nutrition to the embryo/foetus (Spencer, 2014) . We confirmed the finding that extravillous trophoblast not only reaches the spiral arteries but also the uterine glands (Moser et al., 2015) . It has been found that glandular epithelial cells were frequently replaced by endoglandular trophoblast opening the lumen of the glands toward the intervillous space. In addition to the migrating trophoblast cells, an admixture of NK cells was also found. Likewise, NK cells appeared in great abundance in subendothelium of decidual blood vessels. The location of the NK cells in close proximity to migrating extravillous trophoblasts seems to play a vital role in paternal MHC I detection and trophoblast invasion (Hanna et al., 2006; Madeja et al., 2011) . This detection has functional consequences for the ability of NK cells to regulate decidual vessel formation as well as in the regulation in maternal vascular adaptation to pregnancy (Lima et al., 2014) . Our observations suggest that HEV-like vessels mediate NK cell recruitment to the decidua.
The beating embryonic heart begins to pump exclusively nucleated erythrocytes from the yolk sac throughout the villus circulation by the end of the 4 th week of gestation. By 11 weeks, most RBC in the placental blood vessels were enucleated. Oxygen consumption is relatively low during the embryonic period (until about eight weeks) whilst the foetal period exhibits much higher oxygen consumption. This stage is characterised by exponential growth of the foetus. It was shown that the most rapid change in the rate of loss of nuclei by RBC occurred in foetuses during the 9 th week of development (Lin, 1960) . Non-nucleated RBC are regarded as a particularly efficient adaptation to increase oxygen carrying potential. Immature intermediate villi of the early placenta showed characteristic reticular stroma with Hofbauer cells and sparse, centrally located vessels. Villous macrophages (Hofbauer cells) were numerous throughout the second trimester. The findings reported here confirm earlier observations focused on similar problems (Tang et al., 2011) . It is believed that Hofbauer cells play an important role not only in the proliferation and differentiation of villous trophoblast and in remodelling of the mesenchymal core, but also in the promotion of angiogenesis (Loegl et al., 2016) . During the second trimester of gestation, the mesenchymal core of the villi becomes denser, and villous blood vessels appear to be much closer to the syncytiotrophoblast. At the same time, some cytotrophoblast cells disappear and the first vasculosyncytial membranes start to develop. Villous branching consistent with adaptation to improve placental diffusing capacity was also observed. As it was shown previously, toward term, the placental barrier becomes very thin (Castellucci et al., 1990) . The skin is the largest organ in the body and its development mainly depends on oxygen tension in the foetal blood and on the level of vascularisation of the dermis (Johnson and Holbrook, 1989) . Due to the first wave of the remodelling of uterine arteries (endometrial spiral arteries) at 8 to 11 weeks, the maternal circulation fully inhabits the intervillous space of the placenta, causing a rise in oxygen tension (Hustin and Schaaps, 1987) . These events coincide with the onset of certain key processes in skin development, such as the branching angiogenesis within the dermis and formation of PER and skin appendages. Simultaneously, the average number of non-nucleated RBC is elevated up to 98% (Lin, 1960) . From the results we conclude that actively growing epidermal derivatives, for example primordial hair follicles and apical ectodermal ridges, possess angiogenic properties. According to some observations, VEGF-1, produced by hair follicle, stimulates the growth of new capillaries from nearby blood vessels (Yano et al., 2001) . The second wave of the remodelling of uterine arteries (myometrial segments) occurs at 16 to 18 weeks. These changes maximise the delivery of maternal blood to the intervillous space of the placenta, so that a sufficient blood supply through transformed arteries enables the transfer of enough nutrition and oxygen for the placenta. Concurrently mature intermediate placental villi are formed. They also have better vascularisation and the development of the vasculosyncytial membranes begins. By this period of time, dermal blood vessels form architecturally and functionally relevant vascular networks. We demonstrated that in the upper part of the dermis, the postcapillary venules are the predominant type of vessels. These vessels have extremely thin walls and can take over part of the normal function of the capillaries. The number of smallest exchange vessels of the foetal dermis is therefore greater than the number of blood capillaries and can provide the synthesis of the epithelial and dermal structural proteins (e.g. keratin and collagen), which is always associated with high energy and amino acid consumption (Halprin, 1966) . Further, in a high oxygen environment the development of the main integumentary system parts will be completed by the differentiation of the sweat and sebaceous glands by week 22.
Overall, during the first trimester, a thick villous barrier and decreased placental perfusion rate create a hypoxic state for embryogenesis. This is closely associated with poor vasculogenesis in presumptive dermis and epidermal stratification. Then the trophoblastic plugs will be loosen and permit continuous maternal blood flow into the intervillous space by 10-12 th weeks. It is of particular importance to note that the formation of the highly vascularised mature intermediate chorionic villi with the progressive reduction of trophoblast thickness are the histological basis for increased diffusion efficiency during the mid-trimester. This in turn mediates formation of stable dermal vascular networks and further development of the epidermis and its derivatives, suggesting that placental maturation precedes the final steps in foetal skin development.
